We have designed a hyper-Rayleigh scattering scheme to measure six scalar invariants of the squared hyperpolarizability tensor ␤ 2 . Our theoretical approach expresses the rotational invariants of the irreducible ␤ components as scalars, which eliminates the need for difficult frame transformations. We applied our scheme to several conjugated chiral molecules and found that there are significant Kleinman-disallowed pseudotensor contributions to their hyperpolarizability. These components, along with a large optical rotation and the results of quantum-chemical calculations, indicate a handed nonplanar delocalization of the charge-transfer system in such molecules as predicted by quantum-chemical calculations and are expected to lead to macroscopic second-harmonic generation in axially aligned polymer materials. Pseudotensor contributions to the hyperpolarizability in chiral molecules were found to be as large as the vector contribution in p-nitroaniline. We qualitatively investigated the dispersion in the Kleinman-disallowed components and confirmed that these components are smaller at longer wavelengths.
INTRODUCTION
Molecular-scale measurements of second-order optical nonlinearities serve as valuable guides in the design of new materials for nonlinear optical integrated devices. The most common technique, electric-field-induced second-harmonic generation (EFISH), is a useful tool for studying candidate materials for electric-field-poled thin polymer films. 1 The major limitation of EFISH is its intrinsic ability to measure only the component of the rank-3 hyperpolarizability tensor ␤ that transforms like a vector and is parallel to the molecular dipole moment. It has been suggested that the octopolar part of the tensor can be quite large and has applications in new methods of bulk alignment in polymers. 2 This component cannot be measured with EFISH. The most powerful method of measuring these components is nonlinear light scattering, which was originally proposed and demonstrated in the mid-1960's. 3 The subject has been extensively treated theoretically, with many apparently conflicting results, and there has been a recent surge of experimental work done, especially in second-harmonic and hyperRayleigh scattering (HRS). [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] The simplest theoretical treatment of HRS is possible when ␤ is a fully symmetric tensor. This situation corresponds to a regime in which Kleinman symmetry 22 is valid and was investigated in a previous paper. 5 Even in this case, HRS always permits two observables in the nonlinear tensor: the vector component measured in EFISH and the octopolar component. However, Kleinman symmetry is not valid in the vicinity of material resonances, and, in fact, there can be significant Kleinman-breaking contributions to ␤ in systems of appropriate symmetry, even when experiments are done far from the linear absorption peak. We have seen that, when HRS is done in the vicinity of a two-photon material resonance, significant dephasing of the virtual excited state can compete with HRS and make results difficult to interpret in common materials such as Disperse Red 1 (DR1). 5 Dephasing in HRS is analogous to that observed in resonance Raman scattering and can be related to the scalar invariant of an imaginary component of the hyperpolarizability. This imaginary term is a result of interference between a Kleinman-allowed vector and a Kleinman-disallowed vector, meaning that an observation of dephasing indicates a breakdown in Kleinman symmetry even far from resonance. In this paper we detail a theoretical and experimental study of Kleinman symmetry in chiral molecules and its relation to HRS experiments.
We describe our theoretical approach, defining rotational invariants of the averaged rank-3 squared tensor in terms of fifteen scalar quantities for parametric light scattering, which reduces to six independent quantities for the case of HRS. We also detail our HRS experimental scheme designed to measure all six coefficients in standard materials as well as in new chiral nonlinear optical dyes.
Most chromophores for nonlinear optics have used high dipolar nonlinearities for applications in electric-fieldpoled polymers. Kleinman symmetry breaking has been discussed theoretically. 23, 24 Recently there has been interest in octopolar contributions to ␤ (Ref. 2 ) and other off-diagonal contributions in the Cartesian tensor, 25, 26 contrary to the traditional picture of a dominantly onedimensional dipolar charge-transfer axis. If the electrons in a molecule are conjugated in one dimension, Kleinman symmetry is automatic. Thus molecules must feature electrons that are delocalized in two or three dimensions to be considered good candidate materials in which a violation of Kleinman symmetry can be examined. Molecules that exhibit chiral symmetries and excitations are examples of multidimensional molecules that would be expected to exhibit Kleinman symmetry breaking and are the subject of study here because of their potential application in quadrupoled materials. The enantiomers that we discuss showed significant optical rotary power, which indicates the possibility of threedimensional delocalization. 27, 28 We present results of quantum-mechanical calculations and experimental results that provide additional support for the idea of a nonplanar electronic structure in these chiral conjugated molecules.
It has been shown that liquids of chiral molecules can produce macroscopic second-order nonlinear optical responses owing to a totally antisymmetric contribution to the second-order susceptibility tensor, (2) . 27, 28 A symmetric contribution that permits second-harmonic generation and the linear electro-optical effect arises in axially aligned systems of chiral molecules such as stretched polymers. Uniaxially aligned polymers that contain chiral centers have D ϱ symmetry, whereas biaxial alignment induces D 2 symmetry.
THEORY
In this section we provide a general theory of parametric light scattering based on the rotational invariants of the hyperpolarizability tensor, which we simplify below to the case of second-harmonic scattering. Considerable theoretical effort has gone into the transformation from laboratory-fixed to molecule-fixed frames for nonlinear light scattering. [29] [30] [31] [32] For the experiments here we can conveniently approach the problem by considering the rotational invariants of the irreducible tensor components. 3, [33] [34] [35] The complete theory presented here provides the detailed form of the irreducible tensors and connects directly with experiment. This treatment permits a more transparent decomposition of the scattered signal into the molecular contributions of different symmetry. It also makes clearer inequalities that must be satisfied by the various components of the scattering tensor. The magnitudes of various components of the tensor depend on the underlying molecular symmetry, allowing us both to design more-sensitive experiments and to check error estimates by comparing results with the inequalities.
If two optical fields, E 1 and E 2 of frequencies 1 and 2 , respectively, are incident upon an isotropic medium of randomly oriented nonlinear optical molecules, the scattered intensity I 3 at the sum frequency 3 is
where G is a factor that incorporates experimental geometries and local fields, N is the number density of nonlinear optical chromophores, and B 2 is an average squared molecular susceptibility tensor at the indicated frequencies. The indices I, J, K, L, M, and N correspond to fixed axes in the laboratory frame of reference. The tensor is given by
where ␤ is the first hyperpolarizability. We note that Re (B 2 ) is a symmetric tensor as IJK‫ۋ‬LMN and Im(B 2 ) is antisymmetric under this interchange. The problem of transforming the average squared hyperpolarizability B 2 between laboratory-fixed and molecule-fixed reference frames is best approached by decomposition of the tensor into rotational invariants. 35, 36 Decomposition of the ␤ tensor reveals the maximum number of observable contributions to B 2 . Hyperpolarizability ␤ is a rank-3 tensor, which is formed by combining three rank-1 vectors. These tensors combine through a formalism analogous to the addition of angular momenta. 36 In the most general case of parametric light scattering, the hyperpolarizability, ␤ pls , transforms as follows:
which shows that ␤ consists of one antisymmetric pseudoscalar, one fully symmetric rank-3 tensor, three vectors, and two pseudotensors. The rank-1 and rank-2 components transform as the mixed representation of the permutation group of three objects. In addition to the components of relation (3), the averaging in Eq. (2) yields three complex interference terms of rank 1 and one complex interference term of rank 2, giving a total of fifteen independent observable quantities. In the case of HRS the tensor is symmetric in the last two indices because the input fields are identical, so
leaving two vectors, one rank-2 pseudotensor, and one rank-3 tensor. The averaging produces an additional complex interference term of rank 1, leaving a total of six observables: five real and one imaginary. In the fully symmetric case of Kleinman symmetry, the hyperpolarizability consists of just two components:
which correspond the vector term measured in EFISH and the octopolar contribution. The role of Kleinman symmetry is also apparent in the Cartesian representation of the rank-3 symmetric tensor in its irreducible form:
where ␦ ij is the Kronecker delta function, ⑀ ijk is the totally antisymmetric Levi-Cevita tensor, and ␤ (n) is the rank-n irreducible tensor component of rank-3 tensor ␤. It is apparent from Eq. (6) that the ␤ (2) terms violate Kleinman symmetry and cannot contribute in cases in which i ϭ j ϭ k. The symmetry groups that are important in uniaxially aligned chiral materials, D ϱ and D 2 , contain contributions to the macroscopic second-order susceptibility of the form ijk (2) , with i, j, and k all different and symmetric in the last two indices. 27 These forms are similar to the pseudotensor contribution to rank-3 tensor ␤.
The tensor B IJKLMN 2 is the physical quantity measured in a nonlinear light-scattering experiment. We now consider the rotational invariants of the irreducible tensor components. The transformation between frames is not necessary if the rotational invariants are represented by scalars. Equation (2) can be rewritten in terms of scalar quantities:
where L specifies the tensor rank and index-exchange symmetry for each term, ⌬ IJK,LMN is a rotationally invariant tensor, ␤ 2 (L ) is the averaged scalar invariant coefficient of the squared hyperpolarizability component, and L is described below. It is useful to form values of ⌬ according to the representation of the rotation group L ϭ 0, 1, 2, 3 according to which the corresponding ␤ values transform. When there is more than one ␤ that transforms like any given representation, then, in addition to the tensors that correspond to the square of each ␤, there are two additional tensors that correspond to the real and the imaginary parts of the interference between the tensors. Thus L consists of the set ͕L, , Ј, Ϯ͖. Here and Ј are one of s, a, m, or mЈ, yielding the index-exchange or Kleinman symmetry of the two values of ␤ that describe this ⌬. The completely symmetric ␤ is indexed s, the completely antisymmetric ␤ is indexed a, and the two mixed representations under index exchange are indexed m and mЈ. These mixed representations were chosen such that m is symmetric under interchange of the incoming fields and mЈ is antisymmetric under interchange of these fields. This choice is convenient for specializing to HRS. Ϯ is given only if Ј; ϩ is the real part of the tensor (symmetric under interchange of IJK and LMN, and Ϫ is the imaginary part of the tensor, which is antisymmetric under this interchange.
We note that the average scattering from any combination of ␤ values must be positive, so for each L
provided that t is a positive semidefinite Hermitian matrix; e.g., t Ј ϭ t , Ј * and ⌺ , Ј t , Ј v v Ј * у 0 for any complex vector v. This inequality is useful for checking error bars on experimental data. It is satisfied for all values of ␤ 2 that we report as nonzero. The expression given in inequality (7) reduces the parametric light-scattering problem to representing and normalizing the ⌬ values properly as L ranges over allowed values. We present here the general decomposition of all 15 observables in the parametric case and then show the resulting simplifications for identical input fields.
The values of ⌬ defined in Eq. (7) must be properly normalized according to
where the indices i, j, k, l, m, and n must be equal in pairs. For L ϭ 0, only the antisymmetric representation is permitted and therefore must be of the form
where c(0) is a weighting factor and ⑀ ijk is the LeviCevita tensor, so this term obviously vanishes for frequency doubling. The value of c(0) can be found by normalization:
For L ϭ 1, mixed representations are allowed and the symmetric representation must be included because there is a rank-1 contribution in the fully symmetric case from relation (5). In the absence of Kleinman symmetry, three vectors (L ϭ 1) are given in Cartesian coordinates:
where ␦ ij is the Kronecker delta and ␤ (m, n) indicates the mth rank-n component of ␤. These transform as a Kleinman-allowed vector given by
and two components with mixed symmetry under the interchange of the last two indices given by
These representation terms are neither fully symmetric nor antisymmetric, so the mixed representation is used, which can be symmetric or antisymmetric in the last two indices of ␤ ijk . The Cartesian pseudotensors are of the form
It is apparent that ␤ (2, 2) vanishes if ␤ ijk is symmetric in its last two indices. The tensor denoted L ϭ 3 is fully symmetric:
where u jk ϭ 3 if i ϭ j ϭ k, u jk ϭ unity if two of ijk are equal, and u jk ϭ 0 otherwise. 37 The scattering medium is assumed to be isotropic, so the ⌬ tensors are rotationally invariant.
The L ϭ 1, 2, 3 cases then produce the 15 unique products of three values of ␦ in a way similar to methods used in the past. 3, 34 The ␦ products can be represented graphically, 31 as in Fig. 1(a) , where a line between two indices sets those two indices equal to each other.
Values of ␦ will be projected onto the various representations by the projection operators P s , P m , and P m Ј according to Table 1 and following group-theory techniques. 37, 38 The operators permute indices in the ␦ products. The symmetric projection operator is symmetric in all three indices, and the mixed representations were chosen to be symmetric or antisymmetric in the last two, which were chosen to correspond to the input fields. This choice was made to simplify the problem in the case of HRS, in which the input fields are identical. The operators are defined below, where the numerical coefficients ensure that P P ϭ P :
where s indicates the symmetric representation and m and mЈ are mixed. Each sequence of numbers describes the indices affected (permuted or cycled) by the operation as in Fig. 1(b) . Table 2 shows all 15 of the unique tensors, complete with calculated normalization factors. The forms of the tensors in the second column of the table were chosen according to symmetry considerations. For example, the ⌬(3, ss) tensor must be fully symmetric and traceless, 37 whereas ⌬(2, mm) is symmetric in the last two indices (the input fields) and traceless. The ␦ product combina- 
EXPERIMENTAL DESIGN
The physical quantities ␤ (L) can be deduced from polarization studies of the scattering cross section. In this section we use the theoretical development of Section 2 to design the HRS experiments. We can express the observed intensity for a given geometry of output polarizers by simply multiplying the scattering tensor of Eq. (1) by the polarization vectors of the scattered light as follows:
where e o,I is the Ith component of the polarization vector of the output light. The applied incident fields from Eq.
(1) are of the form E 1 ϭ ê i exp(i 1 t) and E 2 ϭ ê i Ј exp(i 2 t), so the observed intensity is
Substitution of the ␦ representation of B IJKLMN 2 shows that the ⌬ coefficients can be expressed as scalar products of the unit polarization vectors, ê i ,ê i Ј ,ê o , and the complex conjugates. We explicitly show these intensities for the simplified case of HRS, where ê i ϭ ê i Ј . In this case the 15 tensors of Table 2 reduce to 6 unique coefficients, as shown in Fig. 2 .
It was verified that all the ⌬ in Table 2 that use the mЈ representation vanish identically, as intended by our choice of P m Ј , under the conditions of Fig. 2 . Note that the pseudoscalar term ⌬(0) must also vanish in HRS because it is completely antisymmetric. As expected, these conditions leave six nonzero ⌬, which can be expressed in terms of A, B, and C and which involve information only about the polarization states of the incident and scattered fields:
where c and cЈ are the normalization coefficients given in Table 2 . Equations (27) agree with results derived from relation (3) in the HRS limit. There are four real observable components to the ␤ tensor and one complex term that describes the interference between the two vectors. So there are in general six quantities to be measured in HRS and only five in the limit where ␤ 2 is purely real. Note also that, in this representation, ␤ 1,mm is actually the difference between two vectors allowed in the Cartesian representation of ␤ for HRS. If Kleinman symmetry is valid, those two vectors are identical, and ␤ 1,mm vanishes.
The information presented in Eqs. (27) gives insight into possible experimental setups for accurate determinations of all six ␤ 2 components. We are in agreement with previous authors that it is not sufficient to use only linear or circular polarization. 29, 34 Linear polarization, used in the past to measure ␤ 1,ss (vector) and ␤ 3,ss (octopolar), corresponds to B ϭ C, reducing the number of linearly independent quantities.
We suspect that the Kleinman-allowed ␤ 2 are largest and that the remaining ␤ are smaller. Thus it would be good if polarizations could be arranged such that the scattering from the Kleinman-allowed terms were small or zero. However, it can easily be seen that the ⌬ have the same inequalities as the ␤ 2 in inequality (8) . Thus the Kleinman-allowed terms are at best zero for specific polarizations. In fact, examination of the values of ⌬ readily shows that ⌬(3, ss) is always nonzero and ⌬(1, ss) is zero only for specific polarizations.
Inasmuch as circularly polarized light cannot distinguish between the real and the imaginary parts of BA*C, elliptical polarization must be considered in both the incident and the scattered fields for all six values of ⌬ in Eqs. (27) to be linearly independent. Our experiments were designed with a linear polarizer and a quarter-wave plate to analyze both the incident and the scattered light. It has been suggested 31 and disputed 29, 34 that one obtains no new information by moving the scattering angle away from the traditional 90°. This is true if Kleinman symmetry holds, but considerable information is lost at 90°in the case of Kleinman symmetry breaking. While the in- Fig. 2 .
Reduction of rank-6 coefficients to polarizationdependent scalars.
tensity from Eq. (1) does not appear to depend on the scattering angle, the polarization state of the scattered fields does. It is therefore impossible to do a complete polarization study without considering the scattering angle. Specifically, for 90°scattering, only the components of ê o and ê i that are perpendicular to the scattering plane can contribute to B and C. Thus it is convenient to choose these components of the polarization to be real. When this is done B and C are real and equal, so there are only four linearly independent functions in Eqs. (27) . There are in principle six independent functions for any other angle, with some being multiplied by the cosine of the scattering angle for small cosines. The largest variation in ⌬, however, is achieved in principle for forward or backward scattering. These geometries were rejected for experimental reasons.
Our experiments use the surface of an optical table as the x ẑ plane, and all polarizer and wave-plate angles are defined with the left-hand rule with ŷ as the zero-degree position. The polarization of an optical field ê i incident in the ẑ direction upon a linear polarizer at angle ␣ i and a quarter-wave plate at angle ␥ i is given by
If the scattering is at angle in the x ẑ plane and then goes through a quarter-wave plate at angle ␥ o and a linear polarizer at angle ␣ o , the resulting field is
Equations (28) and (29) combined with Eqs. (27) permit determination of all six values of ⌬ while only the angles of polarizers and waveplates at a fixed scattering angle are considered. It is more informative for design purposes to consider the Fourier coefficient of each ⌬ with respect to these angles, which makes it possible to identify a single experiment capable of measuring all the possibly observable quantities. We determined the Fourier transforms of A, B, and C with respect to ϭ (␥ i Ϫ ␣ i ) in terms of the respective angles of the linear polarizers and the harmonic quarter-wave plate. We found that A has Fourier coefficients at Ϯ2, whereas B and C both have contributions from 0 and Ϯ2. The expressions for ⌬ that involve AA*, BB*, and CC* now have frequencies that correspond to 0, Ϯ2, Ϯ4, and Ϯ6 times . In that case there are seven observables that we have found can determine all six ␤ 2 values as linearly independent quantities in a single experiment, provided that ␥ o is not 0°or 90°and ␣ o and ␣ i are chosen such that their sines and cosines are not 0, 1, or equal to each other. We found that ␥ i and ␣ i were the only angles in this context that produced as many as seven Fourier coefficients; therefore we must continually vary the quantity to determine uniquely all six rotational invariants in a single HRS experiment. It is certain that some choices of ␥ o , ␣ o , and ␣ i are better than others, but our numerical simulations and experimental data indicate that it may not be practical to attempt to measure all six observables at once because of noise in the data and sensitivity to slight errors in the angles. Rather, we can choose the angles to minimize different values of ⌬ separately to determine all six observables accurately in two or three experiments.
For experimental reasons such as accurate referencing it is not feasible to change the linear polarization of the incident light, especially if more than one experiment is to be done, so we chose to consider the output polarization and phase as the variables. To choose these quantities properly it was useful to reparameterize the fields as follows:
where a, b, , and are parameters that can all be deduced from , ␣ o , and ␥ o as defined in Eq. (29), is an arbitrary phase, and ␥ ϭ ␥ i . This form of ê o separates the ẑ component of the polarization that is the propagation direction of the incident laser beam so it cannot interfere with x or ŷ in scalar products. It also clearly expresses the polarization state of the scattered field as an ellipse with its semimajor axis at angle and its semiminor axis at ϩ from the x direction (parallel to the optical table). The intensity in this case consists of a linear combination of the following expressions: 
ϭ ͉b͉ 2 /32 cos 2␥͓ 1 /2 cos 2 sin 2 ϫ sin 4␥ Ϫ 2 cos 2 cos 2
where the real and the imaginary parts of Eq. (36) must be considered. We conclude that ϭ /4 results in the maximum phase difference in the cos 2 and sin 2 terms and gives the largest real part of Eq. (36) . Setting ϭ /8 is then the best choice for measuring all six invariants in a single experiment, but we also found reliable results with two experiments by using ϭ 0 and ϭ /4, which is how we conducted our experiments. For continued research in Kleinman-disallowed scattering it will be beneficial to develop the ϭ /8 experiment and to perform HRS in the forward direction. We note that Eqs. (32)- (36) are no less general if a ϭ 0, which corresponds to ϭ 0 or ϭ 180°. The effect of this choice makes the ẑ component of ê o vanish, but that component is irrelevant to the hyper-Rayleigh-scattered intensity because it enters the problem only in a scalar product with ê i , which lies in the x ŷ plane. In this regard, forward or backward scattering appears to be the best option for measuring all six rotational invariants, and the traditional 90°scatter-ing, in fact, provides the least amount of information about Kleinman-invalid contributions. Spectral filtering in the forward or backward direction may, however, be problematic because of the low light levels involved in these experiments. We found two experiments ( ϭ 0 and ϭ /4) that reliably reproduced all six of the ␤ 2 scalars in numerical simulations. These experiments set the incident linear polarizer at 90°, corresponding to polarization parallel to (0, 1, 0), while ␥ i is continuously varied and scattering angle is 45°. In the first experiment we looked at circular polarization of the scattered light in the x ŷ plane, which corresponds to orienting the wave plate at 0°with the linear polarizer at 54.7°. In this case the scattered light's polarization was parallel to (1, i, 1) and caused ⌬(1, sm) Ϫ to vanish identically. The second experiment analyzed linearly polarized light with the polarization parallel to (1, 1, 1) , which corresponds to setting the wave plate and the linear polarizer to 54.7°. Figure 3 shows numerically generated polar plots of the tensor coefficients as functions of ␥ i for ␣ i ϭ 90°and ␣ o ϭ ␥ o ϭ 54.7°. The different shapes of the various values of ⌬ are apparent; note that the octopolar coefficient ⌬(3, ss) is never zero and is never particularly small.
We used an iterative fitting technique to determine ␤ 2 by considering only the largest or most active values of ⌬ from each experiment. We were able to reproduce randomly generated sets of ␤ 2 values generally to within 20% from numerically simulated data even when a signal-tonoise ratio of 1:1 was inserted. The largest errors came in ␤ 1,mm and ␤ 2,mm , where the error could be as great as 50% in the cases in which ␤ was small. We did note, however, that we could accurately determine (␤ 1,mm ϩ ␤ 2,mm ) to within 20% in every case.
MATERIALS
We first calibrated our experiments by using p-nitroaniline (pNA) and DR1, two chromophores that are well known from EFISH and HRS studies. 5, 39 We also studied the chiral dyes shown in Fig. 4 . The first dye, Q-NH 2 , is imine of 4-aminoaniline and camphorquinone, and the second dye, Q-BNH, is imine of bis-(4-aminophenyl)amine and camphorquinone. The other dye shown, Q-KCh, is 3-͕4Ј-N,N-bis-2Љ-[(7ٞ-ocenoxy) ethylaminophenyl]1R,7, 7-trimethylbicyclo(2.2.1)heptan-2-one͖ imine. The dyes were prepared by condensation of camphorquinone with the appropriate amine in the presence of sodium acetate, purified by recrystallization, and characterized by 1 H NMR, UV-visible spectroscopy, and elemental analysis. For example, Q-BNH was prepared by the reaction of 2.5 g of camphorquinone with 2.22 g of bis(4-aminophenyl)amine hemisulfate and 2.16 g of sodium acetate in 40 mL of CHCl 3 . The reaction was heated at reflux for 3 h under nitrogen, poured into 100 mL of water, and extracted with CHCl 3 . The extracts were filtered through Celite 521 to remove black contaminants, and the resulting red-brown solid that was obtained after solvent evaporation was recrystallized from ethanol.
Recrystallization from toluene or tetrahydrofuran-hexane worked equally well. All dyes showed good solubility in acetone, and the absorption peak was found for solutions by a UV-visible spectrophotometer; the wavelength of maximum absorption, max , is also shown in Fig. 4 .
We chose the quinone dyes to study the effects of chirality on the first hyperpolarizability. The molecules are rather large and have no point symmetry. Thus there is no global symmetry-defined distinction between and orbitals. Large optical polarization rotation can be a strong indication that there is a -electron system that is delocalized in three dimensions. A solution of 1.1 wt. % Q-NH 2 in p-dioxane rotated the linear polarization of a 632.8-nm laser beam by 16°in a 20-cm path length. We performed quantum-chemical calculations to learn more about the electronic structure. The geometry of Q-NH 2 was optimized with the AM1 semi-empirical basis set with the GAMESS (Ref. 40) quantum-chemistry program. A space-filling model of this optimized geometry is shown in Fig. 5 . The Hartree-Fock orbitals in the AM1 optimized geometry were also calculated by use of both AM1 and the ab initio 631G basis sets. The Hartree-Fock orbitals were found to be qualitatively similar in both cases. The wave functions for the 631G basis sets are shown for the four frontier wave functions, that is, those with energies closest to the Fermi level: the two highest occupied molecular orbitals (HOMO) and the two lowest unoccupied molecular orbitals (LUMO). The wave-function contours are shown. These figures clearly indicate the largely character of these wave functions. It is also apparent that the wave functions are effectively delocalized in three dimensions over the molecular structure, with the excitation proceeding also over the three-dimensional camphor moiety.
EXPERIMENTAL METHOD
The experimental setup, shown in Fig. 6 , is similar to the traditional HRS setup, except for the 45°scattering angle. Our optical source was a walk-off-compensated dualcrystal ␤-barium borate optical parametric oscillator that was synchronously pumped by the third harmonic of a flash-lamp-pumped two-stage amplified Nd:YAG system with negative feedback and active-passive mode locking. The second harmonic from the YAG was used to optically pump a temperature-tunable Li:NbO 3 parametric amplifier. This source produced pulse trains at 10 Hz, with each train consisting of ϳ50 pulses with durations of 1-10 ps and an energy per pulse of at least 2 J tunable through the near-IR to 2 m.
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Incident pulses traveled through a half-wave plate and a linear polarizer to fix the incident polarization. A silver mirror then turned the pulse 45°in the plane parallel to the optical table surface. A Berek compensator mounted in a rotation stage was tuned for quarter-wave retardation of the fundamental. Light went through the exact center of the Berek compensator, and little deflection of the beam occurred as the device rotated. The light was then focused at normal incidence onto the hypotenuse of a right-triangular cuvette containing the solution being studied. A detection system was set up with its optical axis parallel to the direction of the incident light before the turning mirror and perpendicular to a short face of the cuvette. Harmonic light was collected and mostly collimated by a short-focal-length lens with a collection angle of approximately 15°. Small changes in the numerical aperture of this lens did not appear to affect final results significantly. Collected light passed through a quarter-wave plate and a linear polarizer before being focused into a photomultiplier tube. A narrowband filter was in front of the photomultiplier tube to ensure that only harmonic light would be detected. The signal from the tube went to a boxcar integrator. A computer controlled the entire experiment and divided the signal generated by the scattered light with that produced in a photomultiplier tube monitoring second- harmonic generation in quartz. Reported data points represent the mean of approximately 50 weighted averages from the boxcar. The ratio of the two signals was seen to be independent of fundamental energy over a range of 1.25-2 J/pulse.
Two experiments with different polarizations were performed at fundamental wavelengths of 1265 and 1350 nm with each dye dissolved in acetone. In each experiment the incident polarization was 90°(parallel to the optical table), leaving ␣ o and ␥ o as the remaining variables. At 1265 nm the two experiments corresponded to ␣ o ϭ ␥ o ϭ 0°and ␣ o ϭ 54.7°with ␥ o ϭ 0°. At 1350 nm the experiments were ␣ o ϭ ␥ o ϭ 54.7°and ␣ o ϭ 54.7°with ␥ o ϭ 0°. We looked at Q-KCh at both wavelengths with all three of these experiments and found the same results. Once the ␤ tensor was established for pNA and DR1, those dyes could serve as external references for the unknown materials. DR1 was considered a reliable reference only at a long wavelength, where the effects of twophoton fluorescence were determined to be negligible.
RESULTS
Previous HRS experiments with pNA showed that there are no competing effects when the sample is pumped in the near IR. 5 It was expected, then, that the hyperpolarizability would behave according to Kleinman symmetry and that results would agree with past results for both the vector and the octopolar terms. 21, 42 Raw data and fits are shown in Fig. 7(a) and were collected at a fundamental wavelength of 1265 nm with the polarizers set as indicated. Also included in that figure are the expected results for the assumption that only the Kleinmanallowed components of ␤ are used in the fit. It is apparent that pNA is well described by Kleinman symmetry within reasonable error, which is expected for a onedimensional molecule for which the ground-and excitedstate dipole moments are necessarily parallel. 25 It was determined that pNA could serve as an external reference for the other materials in this study. Fitted results with pNA, displayed in Table 3 , show that the Kleinmanallowed values of ␤ are the only obviously nonzero components in pNA.
The algorithm for fitting our data used the gradient search method to determine ␤ 1,ss 2 and ␤ 3,ss 2 while holding all other components at zero. These two Kleinmanallowed values of ␤ were expected to be the largest in the set of six numbers. Conversely, ␤ 1,mm 2 and ␤ 2,mm 2 are completely Kleinman disallowed, so they were the last quantities to be fitted as their ⌬ coefficients had the smallest amplitudes. The coefficients of the interference terms, ␤ 1,sm ϩ 2 and ␤ 1,sm Ϫ 2 , were in the intermediate range, as shown in Fig. 3 . Table 3 shows the results of the fitting for all the ␤ 2 values independently normalized to ␤ 1,ss 2 for pNA, DR1, and the chiral dyes shown in Fig. 4 . The error bars in Table 3 reflect the uncertainties in the fitting algorithm as well as errors introduced by the finite numerical aperture of the collection system. 42 It is difficult to interpret a true uncertainty in an arbitrary fit, but uncertainty, , in a fitted parameter, , can be approximated from 
where is taken as standard deviation of the 50 laser shot averages that make up each data point and ( 2 ) is the parameter that describes the least-squares fitting.
For the standard dyes pNA and DR1 the results in Table 3 are the expected results that the charge transfer lies predominantly along a single axis. The expected ratio of ␤ 1,ss 2 to ␤ 3,ss 2 for a single-axis off-resonant nonlinear optical molecule is 3:2. We found a ratio close to that prediction for those quantities in both DR1 and pNA, confirming previous values found by others, 4, 20, 21 although a slight departure from the expected ratio is noted in both cases. There was little difference in the ratios measured at the two different wavelengths. The Kleinmandisallowed contributions to ␤ 2 are small for both of these chromophores, although ␤ 1,mm is apparently nonzero in DR1 at both wavelengths, indicating some twodimensional character in the nonlinear optical system. This result is not surprising, as we have seen effects of two-photon absorption and fluorescence in the spectral range of the harmonic. 5 These effects may be associated with the formation of cis isomers, which would cause the ground-and excited-state moments to be nonparallel. The HRS peak dominates the fluorescence at the harmonic, but the two-photon absorption and the presence of orthogonal moments violate the conditions of Kleinman symmetry. 22 The results from the chiral molecules indicate that such three-dimensional charge-transfer systems produce measurable Kleinman-disallowed hyperpolarizability components. Figure 7 (b) depicts the raw data with fitted parameters for Q-KCh; a dashed curve indicates the curve obtained by fitting for only the Kleinman-allowed values of ␤. In the experiment analyzing circular polarization in the xy plane there was a significant difference between the two fits. The minimum 2 fit was obtained only when all six values of ␤ were allowed to be nonzero. Of the Kleinman-breaking components, ␤ 2,mm 2 is the only significant term, and it is never larger than the fully symmetric vector and octopole terms. All the chiral monomers show nonzero ␤ 2,mm , indicating quadrupolar order in the charge-transfer system. In particular, Q-BNH has a significant quadrupolar (J ϭ 2) term at 1350 nm. The results with Q-BNH are quite different at the shorter wavelength, but the harmonic is just onto the linear absorption tail in that case, so the results may be affected by competition with fluorescence. 5 The low available concentrations and low signals from Q-NH 2 made measurement at 1350 nm difficult to interpret reliably. However, the shorter wavelength revealed a significant ␤ 2,mm as the lone Kleinman-breaking element. At the longer wavelength the Kleinman-allowed terms are the only components that are obviously nonzero. The result is expected because Kleinman symmetry gains validity as the frequency moves away from a material resonance. In fact, the contributions from Kleinman-disallowed tensors were generally smaller at the longer wavelength for cases when fluorescence was not apparent. These results support the predictions discussed above (and shown in Fig. 5 ) that conjugated chiral molecules feature -electron orbitals that show significant delocalization in three dimensions.
The camphorquinone derivatives are chiral materials. In such materials, magnetic-dipole transitions can become important in addition to the electric-dipole tensor. 44, 45 The two tensors ␤ mee and ␤ eem in which the second-harmonic or fundamental light is coupled via a magnetic dipole have few symmetries. These tensors, together with their interferences with the wholly electricdipole transitions, result in a large number of allowed tensors in addition to new dependencies on the experimental setup, such as on the direction of propagation.
Rather than providing an extensive analysis of these new tensors, we remark that it is reasonable to expect that the wholly electrical ␤ will be largest, so interferences between this and the magnetic ␤ values are expected to be the largest new tensors. This interference tensor is a rank-7 pseudotensor, which is to be contrasted with the four fundamental polarization vectors, two second-harmonic polarization vectors, and one propagation direction vector.
Such a tensor changes sign under improper rotation and would do so in our experimental setup if the outgoing light were linearly polarized while the incoming light changed from right to left circularly polarized. It follows from this argument that a chiral effect is expected to change sign under such improper rotations. We have examined the data for such effects and find that they are negligible at the level at which it has been possible to analyze the data. For example, visual inspection of the fitted curve in Fig. 7(b) for Q-KCh shows that it is a reasonable fit to the data for all values of ␥ i . The fitted curve is required to be symmetric with respect to ␥ i , so the data must be as well. Therefore we have been unable to measure hyperpolarizabilities involving magnetic transitions. We remark that there are also linear optical effects that would result in an asymmetry between rightand left-circularly polarized light. There are index differences: For these two types of light the energy density and local optical fields will depend on polarization. We have verified that, for our experimental geometry, these linear optical effects and other chiral effects such as optical rotation were negligible. Measuring partly magnetic hyperpolarizabilities will require better measurements and explicit calculations of these linear optical effects. It is also the case that the ratio of octopolar to vector hyperpolarizability increases at lower energy in the camphorquinone derivatives. It is well known from EFISH that the vector part of ␤ follows a two-level dispersive model in off-resonant regimes. 39 However, because the two-level model relies on dipole transition moments, it is inadequate to describe dispersion in the purely octopolar part. Rather, a three-level model has been proposed 2 for this purpose. It is apparent from our data that the vector is considerably more dispersive in the spectral region studied, indicating that the important resonances in the three-level model are at higher energy than the excited state in the two-level model.
The Q-KCh molecule contains significant Kleinmanbreaking components, and the magnitude of ␤ was found to be reasonably large. We determined the absolute magnitude of the nonlinearities of these molecules by externally referencing each material to pNA. Note that the ratios shown in Table 3 were found to be independent of concentration over a range of at least an order of magnitude. That result allows us to characterize the magnitude of the nonlinearity with a single number corresponding to the ratio of the harmonic light scattered from a single dye molecule to that scattered from a single pNA molecule. We chose to use ␤ 1,ss of pNA as our reference standard, as that is a well-studied quantity from EFISH and HRS. 4, 5, 39 Table 4 shows the magnitude of the ␤ 1,ss and ␤ 2,mm components of each dye. The difference between the magnitudes of ␤ 1,ss of Q-KCh and Q-NH 2 is consistent with the stronger donor group present in Q-KCh. 39 We note that ␤ 2,mm is significant only in the chiral dyes in cases when fluorescence was not apparent and when the signal-to-noise ratio was small enough to permit accurate measurements. The ␤ 2,mm contributions in the chiral dyes are comparable with the vector (␤ 1,ss ) part in pNA, which indicates that axially aligned materials that contain chiral centers will produce significant second-harmonic generation. Further understanding of the role of chirality in second-order nonlinear optics on the molecular level could lead to synthesis of molecules with larger ␤ 2,mm contributions capable of producing large macroscopic pseudotensor second-order susceptibilities.
CONCLUSIONS
We have detailed a hyper-Rayleigh scattering scheme capable of measuring all six allowed values of ␤ 2 in the Kleinman-invalid regime. To measure all scalar invariants of ␤ it is necessary to consider elliptical polarization of both the fundamental and scattered fields. Our scheme considers scalar invariants of the irreducible tensors that constitute the hyperpolarizability and, as such, avoids the complications that are often associated with transforming from the laboratory-fixed to molecule-fixed reference frames. We have concluded that scattering must not be done at 90°and that the best choice of scattering angle for the most comprehensive characterization possible with hyper-Rayleigh scattering appears to be 0°.
We used our method to characterize conjugated chiral nonlinear optical molecules and verified quantumchemical calculations that indicated that such structures feature electrons delocalized in three dimensions. This delocalization requires a breakdown in Kleinman symmetry and makes it possible to measure new hyperpolarizability invariants. Experiments were performed in the absence of two-photon fluorescence and we saw evidence of Kleinman symmetry breaking in off-resonant regimes in chiral conjugated dyes with no evidence of magneticdipole transitions affecting our results. Specifically, we recognized a pseudotensor contribution to the ␤ tensor in chiral dyes that can be expected to lead to macroscopic second-harmonic generation in mechanically poled polymer materials. We also saw that the Kleinmandisallowed ␤ values are smaller at long wavelengths, where Kleinman symmetry is stronger. The pseudotensor contribution to ␤ in chiral molecules was found to be comparable with the vector contribution in pNA. 
